INTRODUCTION
. Indeed, many plasmids, particularly R plasmids, are readily lost or acquired, as they are capable of promiscuous interstrain, interspecies, and intergeneric transfer.
Analysis of chromosomal DNA is a useful alternative to plasmid analysis. It is based on the study of polymorphism of either total DNA or selected regions of the bacterial chromosome. In the latter case, the choice of chromosomal markers is of utmost importance since DNA that encodes a highly selectable phenotype may be just as unstable as the phenotype itself. On the contrary, DNA encoding a stringently designed structure will be much more stable. Analysis of DNA polymorphism in the chromosomal regions containing the highly conserved rRNA genes (rrn), and referred to as ribotyping, has been widely used as a molecular approach to the surveillance of nosocomial outbreaks. One should mention, however, that it is still unclear what portion of the studied polymorphisms is within the rn operons and what portion is in the flanking DNA, i.e., in regions that are not expected to be as stringently conserved.
The purpose of this review is to describe the principles of ribotyping and to illustrate its advantages and limitations in studying nosocomial outbreaks.
DNA POLYMORPHISM DNA polymorphism corresponds to variations of the nucleotide sequence between individuals of the same species. Technically, the simplest way to explore DNA polymorphism is to use restriction enzyme analysis. These enzymes are endonucleases that cleave double-stranded DNA at specific recognition sequences usually composed of 4 to 6 bp and referred to as restriction sites. Once DNA has been cleaved with a restriction enzyme, the size of the generated fragments is easy to analyze, most commonly, by electrophoresis on agarose gels. Interindividual and, for our purpose, strain-to-strain variations in fragment sizes are referred to as restriction fragment length polymorphisms (RFLPs). Most commonly, RFLPs result from single-base-pair variations that account for the presence or absence of a restriction site at given positions in the genome. Credit for the discovery of RFLPs is due to Kan and Dozy (75) , who, in 1978, first reported the existence of a polymorphic site for the enzyme HpaI in the human P-globin gene. Because this variation was neutral, it had no functional consequence and was not by itself selected for. In that sense, such polymorphisms constitute ideal genetic markers. But RFLP can also result from insertions, deletions, or rearrangement of DNA in the region spanning two constant restriction sites. Although RFLP analysis explores only a small part of the polymorphic variations, i.e., those affecting restriction sites, it represents a highly powerful method for bacterial strain differentiation.
Restriction fragments resulting from digestion with enzymes recognizing 6-bp sites commonly vary in size from 1,000 to 20,000 bp. They can be easily visualized under UV light by staining the DNA in agarose gels with ethidium bromide. However, a very large number of fragments is usually produced, and because of their number, the fragments are often poorly resolved (Fig. 1) . Thus, strain comparison may require several electrophoretic runs in which strains generating closely related patterns in preliminary experiments are analyzed in contiguous lanes. Systematic inclusion of DNA size standards in the analyzed samples has been proposed to improve reliability, but comparison remains difficult (49) . One (135) . This technique requires long and delicate procedures for isolating and restricting high-molecularweight genomic DNA, sophisticated equipment, extended electrophoresis times, and considerable standardization. However, new developments in instrumentation, as seen in the secondgeneration PFGE systems, and simplification of protocols now render PFGE easier to perform.
Reducing the number of bands to be analyzed can also be achieved by using labelled DNA probes to highlight only some of the restriction fragments. Bacteriophage M13 DNA has been used as a nonspecific probe for this purpose (69, 152) . Most often, however, the probe is targeted to a small number of specific loci. These probes may include cloned random chromosomal sequences of the bacterial species to be studied, virulence factor or antibiotic resistance genes, and the transposable repetitive insertion sequences. The potential of such probes for distinguishing individual strains of bacteria has been clearly shown (144) . However, these probes are species specific or even specific for only some strains within a particular species. In addition, some of these probes are of limited availability. From 1970 onwards, polymorphisms within and around the Escherichia coli rRNA genes (nrn) were identified and characterized (7, 47, 67, 73, 102) . Demonstration that the ubiquitous and polymorphic rm loci are highly conserved in the eubacterial kingdom (108) (124) . The possibility that the number of nm operons is proportional to the size of the genome (5) and to the rate of growth (14) Between the genes for 16S and 23S rRNAs is a spacer region that contains genes encoding several tRNAs and several direct repeat sequences (11) . These regions are heterogeneous. For instance, the seven rm operons of E. coli are divided into two classes depending on the nature of the spacer region (32) . One of these contains the tRNA gene for glutamic acid, while the other contains tRNA genes for alanine and isoleucine (98) . Other heterogeneities have been reported in the spacer regions of Bacillus (54) and Aspergillus (141) species. In addition to having tRNA genes in the 16S-23S intergenic spacer, some rn operons also have tRNA genes in their 3'-flanking regions (97) . Depending on the operon, these genes vary in nature and copy number.
The rrn nucleotide sequences encoding 16S and 23S rRNAs appear to have changed little during evolution. A high degree of homology for these sequences exists among various bacteria, despite the genetic diversity of the remainder of the chromosome. In their broad-ranging study, Grimont and Grimont (58) used 32P-labelled E. coli 16S +23S rRNA to probe rrn loci in 40 different species of gram-positive and gram-negative bacteria. They found that the probe reacted with the DNA of species that were phylogenetically remote from E. coli and that a wide variety of restriction fragment patterns was observed among the strains studied. The explanation is that the highly conserved coding sequences in each rrn operon are surrounded by the heterogeneous spacer and flanking sequences, described above, which vary from operon to operon in a given species and from one species to another. In addition, as might be expected from the sequence redundancy, reciprocal recombination has occurred frequently during evolution, thus contributing to the observed high level of diversity of the nm loci. Therefore, the peculiar structure of rrn operons allows both a broad-spectrum hybridization of the E. coli RNA probe and a Southern (139) , DNA is transferred to a nylon membrane and then hybridized with the radioactive probe. DNA fragments that react with the probe on the membrane are then revealed by autoradiography (Fig. 4) .
Most often, ribotyping uses labelled probes containing E. coli 23S, 16S, and SS rRNA sequences (58, 143) (111) , and in other studies, synthetic oligonucleotides were constructed from sequences of the conserved region of 16S rRNA (99, 130) or of the variable region of the 16S or 23S rRNA genes (52) . Since the hybridization bands obviously depend on the region of DNA that is probed, the results from separate studies are quite often not directly comparable.
Probes were initially labelled with 32p. For RNA probes and for oligonucleotides, end labelling is used, and nick translation or random oligopriming is used for DNA probes (132 developed have many advantages over the radioactive systems, including safety, easy disposal, and stability of the probes (4) . Several nonradioactive probe labelling kits are now commercially available, and these represent an important step toward the use of ribotyping in the clinical microbiology laboratory. Nonisotopic labelling may be done by incorporating biotinylated nucleotides in the DNA probes during cDNA synthesis or by nick translation or random oligopriming of plasmids containing rm sequences. After hybridization to the bacterial DNA fragments on the membrane, the biotin-labelled probe can be detected by using a streptavidin-alkaline phosphatase conjugate. Other labelling molecules have been used. In our studies, 16S+23S rRNA from E. coli was cold labelled by random oligopriming, using a mixture of hexanucleotide primers and cloned mouse mammary leukemia virus reverse transcriptase (115) in the presence of deoxynucleotide triphosphates, including digoxigenin-11-dUTP (18) (Fig. 5 ). An alkaline phosphatase-conjugated antidigoxigenin antibody is then added, and the enzymatic activity is revealed by using the chemiluminescent substrate adamantyl-1,2-dioxetane phosphate. As is the case when radioactive probes are used, hybridized DNA bands on the membrane are detected by contact with an X-ray film (Fig. 6 ). We found this probe to be stable for several months and simple to synthesize. It provided results as good as or superior to those obtained with isotopic labelling. rRNA has also been labelled dlrectly with acetylaminofluorene, and the hybridized probe has been detected by an antibody-alkaline phosphatase conjugate (57) . In yet another procedure, a horseradish peroxidase-polyethyleneimine complex is covalently coupled to rRNA, followed by enhanced chemiluminescence detection (63) .
APPLICATIONS OF RIBOTYPING Enterobacter cloacae
Ribotyping may be an extremely powerful epidemiological tool when the classical phenotyping methods available in the clinical microbiology laboratory fail to discriminate between strains. E. cloacae is a good example because of the high level of diversity of the rrn loci among strains of the species (Fig. 7) . Indeed (40) . All strains were typeable with this molecular approach. Three restriction enzymes were used in the study (HindIII, EcoRI, and BclI), which generated 16 ribotypes, while esterase electrophoresis revealed 25 zymotypes. Combination of data obtained with the two systems led to the identification of 30 different types. Interestingly, the data highlight the pathological complexity of P. aeruginosa infection in patients with CF, as in six cases several types were found among the isolates from individual patients. On the other hand, two unique types were found in two and three patients, respectively, raising the possibility of cross-infections (40) . Nosocomial acquisition of P. aeruginosa by CF patients has also been reported by others (150) . Using the same ribotyping and esterase typing scheme, Bingen et al. compared 27 P. aeruginosa strains isolated before and after 2-week courses of antipseudomonal treatment in seven CF patients (24) . A total of 12 courses of therapy were studied. In 10 cases, at least one of the posttherapy isolates was found to be resistant to the antimicrobial agent, and in 5 cases at least one of the posttherapy isolates was still susceptible. These data indicate that treatment failure in a given patient may result from emergence of resistance and/or failure to eradicate a susceptible strain. Again, ribotyping was less discriminative than esterase electrophoresis. Among the 27 isolates, eight zymotypes and five ribotypes were identified. Resistant posttherapy isolates were identical to pretherapy isolates in all cases but one. However, in one case an additional resistant strain was isolated after therapy. In all five cases in which susceptibility was still observed after treatment, pretherapy and posttherapy isolates were indistinguishable (24) . Similar results were obtained by Ogle et al., who compared pre-and posttherapy isolates of P. aeruginosa, using the exoA probe (104) . In most cases, failure to eradicate P. aeruginosa was due to the development of resistance rather than to reinfection. Yet, using an exoA probe, Wolz et al. (156) presented evidence that (i) cross-infection may occur in CF clinics as well as between siblings at home, (ii) P. aeruginosa is not eradicated but only suppressed after successful antibiotic therapy, and (iii) CF patients normally harbor only one P. aeruginosa strain at a time in their sputa, but after 6 months the genotype of the strain in sputum changes in 26% of the infected patients.
PFGE, as a molecular approach to studying P. aeruginosa epidemiology (1, 33, 61) , also was found to be more discriminative than ribotyping. For instance, Poh et al. studied a collection of P. aeruginosa serotype 011 strains isolated in seven hospitals in Singapore (122) . With two restriction enzymes, EcoRI and Sacl, they identified 11 ribotypes, whereas using either SpeI or DraI and PFGE, they differentiated 41 different strain types among the 44 clinical isolates.
The apparently low sensitivity of ribotyping for the study of P. aeruginosa strains might be related to a lack of optimization of the technique and particularly to an insufficient search for the most appropriate restriction enzyme(s). Blanc et al. (28) studied 55 epidemiologically unrelated isolates from three geographic areas of Switzerland and 11 isolates obtained during an outbreak of P. aeruginosa infections in a burn unit. With four selected restriction enzymes (BamHI, ClaI, EcoRI, and PstI), the 55 unrelated isolates could be classified into 33 ribotypes. To assess the value of the method for epidemiological investigations, the authors calculated an index of discrimination which takes into consideration both the number of types defined by the typing method and their relative frequencies. Their ribotyping system obtained a high index of discrimination of 0.958, comparing well with different typing schemes for which indices of discrimination could be calculated from the published data. All clinical isolates from the outbreak in the burn unit belonged to the same ribotype. Gruner et al. used eight restriction enzymes to ribotype P. aeruginosa strains. They found that PvuII provided the highest discrimination because it alone allowed the discrimination of 15 of 18 strains (62). Table 1 summarizes the different molecular methods used for epidemiological studies of P. aeruginosa infections.
Pseudomonas cepacia P. cepacia is increasingly recognized as an important pathogen (127) . Again, the understanding of the epidemiology of infections with P. cepacia has been impaired mostly by the lack of a standardized typing method. Conventional methods (66, 128) have relied on the analysis of phenotypic characteristics that may not be stably expressed. Rabkin et al. (127) used ribotyping, serologic reactions, biochemical tests, bacteriocin production and susceptibility, and antimicrobial susceptibility to study the relatedness of isolates obtained during seven outbreaks. This is the only study which uses tightly defined epidemiology as a gold standard for comparison of typing systems. Ribotyping was the most accurate (97%) in detecting outbreak concordance (127) . P. cepacia also has special relevance in patients with CF (88). Pulmonary infection with this organism results in a rapid clinical deterioration and death in some patients (145) . Since pulmonary colonization is generally refractory to antibiotic treatment, prevention of P. cepacia acquisition has become a logical goal in the management of these patients. The clusters of colonized patients found at certain CF centers and the high risk of colonization associated with a recent hospital admission or with the colonization of a sibling (145) suggest nosocomial acquisition and person-to-person transmission (146) . Different authors have used ribotyping for the study of P. cepacia epidemiology in CF (27, 88) . For instance, LiPuma et al. analyzed isolates from 68 patients attending three CF centers (88) . A predominant ribotype accounted for 52 to 61% of the isolates in each center. The predominant ribotype in each center was different from the predominant ribotype in the other two. None of the other ribotypes were found in more than two strains (88) . These data are consistent with the epidemiological observations suggesting nosocomial acquisition of this pathogen. However, the finding of unique ribotypes at each of the three centers also suggests that acquisition of P. cepacia occurs from unrelated and therefore unidentified sources. Previous studies that failed to identify an environmen-VOL. 7, 1994 on January 20, 2018 by guest http://cmr.asm.org/ Downloaded from (87) on P. cepacia are important because they demonstrate the stability of the genetic markers explored by ribotyping. Ribotypes from isolates that had been subcultured 100 times in vitro were stable, and so were the ribotypes of isolates recovered from chronically colonized mice. Additional evidence for the stability of ribotypes in vivo comes from the results obtained with isolates collected from chronically colonized CF patients (87) , which led to the conclusion that most patients harbor the same strain for prolonged periods.
Panlilio et al. used ribotyping to document the occurrence of P. cepacia pseudoinfections due to the intrinsic contamination of a povidone-iodine product (109) . Blood cultures from six patients in a Texas pediatric facility yielded P. cepacia after the nurses had wiped the tops of blood culture bottles with the povidone-iodine solution before inoculation. P. cepacia isolates from the blood cultures and from the povidone-iodine had similar antibiograms and identical plasmid profiles and ribotypes. Pegues et al. also used ribotyping to study an outbreak of P. cepacia bacteremia among patients with longterm indwelling central venous catheters (112) .
Ribotyping was used together with PFGE to distinguish P. cepacia isolates from a nosocomial outbreak (6 (153, 154) for the epidemiological investigation of 23 P. cepacia isolates from 11 CF patients (27) . In that study, PFGE was slightly more discriminative than the other two methods, and ribotyping and arbitrarily primed PCR were identical in resolving power. In vivo stability of the patterns obtained with the three methods was observed over periods extending from 3 to 41 months (27 (110) . The study used RFLP of total DNA and showed that the strains from five patients were identical to strains isolated from two staff members. Denamur et al. (41) compared total DNA RFLP and ribotyping for the epidemiological comparison of M. catarrhalis strains. The strains studied had been selected for their diversity by esterase electrophoretic analysis and belonged to 20 distinct zymotypes. All strains could be differentiated by either ribotyping or RFLP of total DNA, but the use of five restriction enzymes was necessary to obtain such a level of discrimination with ribotyping.
Rhodococcus spp.
Rhodococcus species are ubiquitous in the environment, and several of them have been reported to be potentially pathogenic for humans. Rhodococcus equi, in particular, can cause infections in patients with AIDS (84) . Identification of Rhodococcus species by conventional biochemical tests is problematic, and there is no other simple and reproducible method for their rapid identification and differentiation. Lasker et al. found that ribotyping could clearly distinguish the type strains of the 20 recognized species in the genus Rhodococcus (84) . In their study, they used only two restriction enzymes, PvuI and Pstl, and a digoxigenin-labelled E. coli rDNA probe. Analysis of four clinical or environmental isolates confirmed as Rhodococcus bronchialis showed no interstrain variation of ribotype, but analysis of 15 isolates confirmed as R. equi and isolated from 13 patients showed 11 different ribotypes. No discernible differences were observed in the ribotype patterns between R. equi isolates from AIDS patients and those from patients who did not have AIDS, and there was no evidence of geographic clustering of R. equi ribotype patterns. Therefore, ribotype analysis may provide an important adjunct to the identification and epidemiological study of environmental and clinical isolates of Rhodococcus species (84). Richet et al. analyzed plasmid profiles, total DNA RFLP, and ribotypes to study a hospital outbreak of surgical would infections caused by R. bronchialis (129) . The last two methods were equally discriminatory in demonstrating that a single genetically distinct strain was involved in the outbreak and traced its source to the dog of a circulating operating room nurse.
Tsukamurella paurometabolum
From January 1988 to May 1989, 12 strains of T. paurometabolum were identified in samples from 10 patients with no identifiable common risk factors at a hospital in South Carolina (10) . Case control studies revealed that the positive specimens had been tissue samples, all of which had been processed in the tuberculosis-fungal room of the laboratory and handled by the same technician. Total DNA RFLP analysis and ribotyping were used in addition to biochemical tests and antibiograms to study this apparent outbreak. The discriminative powers of the two genotypic methods were identical. The results showed that the patients were not infected and that contamination of the samples had occurred during handling in the laboratory. Apparently, T pauronietabolumn is present both in the environment and as a culture contaminant more often than previously recognized but is rarely the true cause of infection in humans.
Enterococcus spp.
Until recently, epidemiological studies of enterococci have been limited by the lack of convenient and accessible methods for comparing strains. Vancomycin-resistant enterococci represent a special problem in terms of nosocomial infections as they are found with increasing frequency. We conducted an epidemiological investigation on 16 vancomycin-resistant Enterococcus faeciumn strains isolated from 15 patients in four different wards of our children's hospital over a period of 17 months (22) . The analysis combined RFLP of total DNA and ribotyping. Each strain produced a different total DNA RFLP pattern after both HindllI and PvuII digestions except for two strains that were isolated from a single patient. Ribotyping was less discriminatory than RFLP of total DNA. This study showed the genetic unrelatedness of the nosocomial strains studied and excluded the possibility of patient-to-patient strain transmission either in the same ward or between wards. Woodford et al. used a probe specific for the glycopeptide resistance gene, vanA, in combination with ribotyping to study a cluster of vancomycin-resistant Enterococcus faecalis and E. faecium isolates from patients in the renal unit at a London hospital (157) . As in our study, the 23 vancomycin-resistant E. faecium isolates showed a heterogeneity, evidenced by eight different ribotypes, which suggested that multiple strains were involved. But in addition, 21 of the 23 isolates harbored a 24-MDa plasmid that hybridized with the vanA probe, implying that interstrain dissemination of a vancomycin resistance plasmid may have occurred. In contrast, 12 of the 13 E. faecalis isolates studied exhibited a common ribotype, and the vanA probe hybridized with chromosomal DNA in these 12 isolates.
The other isolate had a different ribotype, and vanzA was located on plasmid DNA. These data suggest that crossinfection with a single strain of vancomycin-resistant E. faecalis had occurred in all cases but one. Because vanA can be located either on chromosomal DNA or on a plasmid, details of outbreaks with vancomycin-resistant enterococci clearly can be obtained only from an approach that combines analysis of chromosomal polymorphism and of plasmid DNA and preferably includes the use of a vanA probe. The ability of ribotyping to distinguish strains of Enterococcus spp. at the subspecies level was compared with that of PFGE. Ribotyping with three enzymes, EcoRI, HinidIII, and BscI, appears to be less discriminatory than PFGE for strain differentiation (53, 65) . VOL. 7, 1994 on January 20, 2018 by guest http://cmr.asm.org/
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Streptococcus pyogenes Together with RFLP of total DNA, ribotyping was used for strain differentiation of S. pyogenes (19) . This typing approach was used to document vertical mother-to-infant transmission of S. pyogenes and to investigate the spread of the organism in an obstetrics unit (19) . Two isolates from a newborn, two isolates from his mother, and two isolates from two other mothers were studied. RFLP of total DNA, after both Hindlll and PvuII digestions, gave indistinguishable patterns for the strains isolated from the neonate, his mother, and one of the other mothers. On the contrary, strains from the third mother and six unrelated strains studied for comparison showed different patterns. In this system, ribotyping was less discriminative than total DNA RFLP analysis.
Staphylococcus aureus
Ribotyping was used to differentiate species of Staphylococcus (39, 147) . Hadorn et al. combined conventional bacteriophage typing and ribotyping for the analysis of methicillin-and ciprofloxacin-resistant S. aureus strains that had been isolated with increasing frequency since the introduction of the new 4-quinolones at the Tel Aviv Medical Center (64) . Ribotypes were established after digestion of bacterial DNA with EcoRI and HindlIl. The patterns obtained were identical for all of the nosocomial strains but one and different for all unrelated strains studied as controls. Bacteriophage typing was in good agreement with these genotypic results. Thus, the increasing occurrence of resistant S. aureus was due to the spread of a resistant strain rather than to the development of resistance in many strains (64) . However, rather different results were found by Blumberg et al. while investigating the emergence and spread of ciprofloxacin-resistant S. aureus at the Atlanta Veterans Administration Medical Center (30) . These authors also used ribotyping and phage typing together with plasmid analysis. For ribotyping, they first tested the DNA of selected isolates with 20 different restriction enzymes and then they used EcoRI only, because it gave the best discrimination. By generating 15 different patterns among the 50S. aureus isolates studied, ribotyping was highly informative when compared with the other two techniques. Indeed, many of the isolates were nontypeable by phages or harbored few plasmids that were useful as markers. The results demonstrated that, in that institution, ciprofloxacin resistance had emerged in multiple strains of methicillin-resistant S. aureus but from a single clone of methicillin-susceptible S. aureus.
The study of Preheim et al. is of interest because it relates the investigation of 46 strains of methicillin-susceptible and -resistant S. aureus of various phage types and resistotypes from seven countries (125) . In addition, the authors demonstrate that, in their series, ribotyping was not affected by changes in plasmid, transposon, enterotoxin A, or phage content. S. aureus DNA was restricted with HindIll or EcoRI and probed with a homologous rm cDNA probe. Analysis of the results included calculation of the percentage of similarity, using the Dice coefficient (43), and clustering was based on the unweighted-pair-group arithmetic average algorithm. Epidemic methicillin-resistant isolates from Australia and from the United Kingdom showed a high degree of similarity, but the pattern was not unique and was also found in methicillinsusceptible and other methicillin-resistant strains. Again, all of the strains could be typed, including the non-phage-typeable strains. Thus, ribotyping may provide new clues to the clonal evolution of the S. aureus population.
Prevost et al. (126) 15 species of coagulase-negative staphylococci and most individual strains within each species. Eight restriction enzymes were tested for ribotyping, and the most discriminating results were obtained with ClaI. An exception was Staphylococcus wameri, for which HpaI and AvaI were more specific than ClaI for strain differentiation. The patterns produced by ribotyping were much simpler and thus easier to interpret in this rather large series than were corresponding patterns of total DNA RFLP. However, ribotyping was slightly less discriminating.
Since then, ribotyping has been applied to other epidemiological studies of coagulase-negative staphylococci (38, 71, 155) . Eighty-six S. epidermidis strains were ribotyped intraspecifically by Izard et al. (71) . Eleven ribotypes were found after digestion with EcoRI, and 10 ribotypes were found with HindIII. Use of a combination of the two restriction enzymes increased the discriminatory power from 14.3 to 31.6%. Combining ribotyping with biotyping raised the discriminatory power to 48.6%. Ribotypes were stable after more than 400 generations of growth. Among the tested S. epidermidis strains, no correlation was observed between methicillin resistance and certain ribotypes. Wilton et al. evaluated several techniques for the epidemiological typing of S. epidermidis isolates from patients in an intensive care unit and from neonates (155) . RFLPs studied with the enzyme BclI were effective epidemiological markers. total DNA RFLP profiles were highly discriminative but difficult to interpret. Profiles obtained with a cloned E. coli rm probe were less discriminative and thus less suitable for intraspecies typing than those generated with a panel of randomly cloned genomic fragments of S. epidermidis DNA. The three approaches were reproducible and superior to typing on the bases of determination of antigen and plasmid profiles, antibiotic susceptibility patterns, and biotypes.
Other Gram-Positive Bacteria Using ribotyping and the analysis of plasmid content and antibiotic susceptibility, Pitcher et al. demonstrated that strains of C. jeikeium may be transferred between hospital patients (118) . Patterns of antibiotic susceptibility appeared not to be plasmid encoded and correlated broadly with the ribotypes.
Miscellaneous
Ribotyping has also been applied to other bacterial species, among which some might be involved in nosocomial infections.
These include Serratia marcescens (26) (55, 121) , for example, then neither a phenotypic nor a genotypic technique is likely to be useful and the investigation will have to rely on classical epidemiological studies. This is even more true when, among the various clones of a species, only one is virulent, e.g., H. influenzae biogroup aegyptus for Brazilian purpuric fever (70) or the E. coli strain responsible for hemolytic uremic syndrome (92) .
The second consideration is in cases in which ribotyping is less discriminatory than analysis of total DNA RFLP by conventional electrophoresis or by PFGE or when randomly cloned chromosomal probes are used. In these instances, two explanations should be considered. Some of these cases may represent a real limitation if the extent of rm RFLP is smaller than that of total DNA. After all, rm operons cover only about 0.1% of chromosomal DNA. This is likely to happen for species in which the number of rn operons is small. It is also possible that, in some species, because of the clustering of rn loci in a very small region of the chromosome, ribotypes would not reflect the overall extent of RFLP. In E. coli, four of the seven nn operons span 10% of the genome only. However, in many instances, ribotypes are established from patterns obtained with only one, two, or three restriction enzymes so that the maximal level of sensitivity of the method has not been reached. Table 2 lists the different restriction endonucleases used to study the organisms discussed in this review. Increasing the number of enzymes increases the labor intensity but also increases discriminatory power (31, 41, 123, 158, 159) .
The most discriminative typing schemes may be those that analyze several loci evenly scattered on the chromosome because they are most likely to reflect the overall genomic DNA polymorphism. Phenotypic analysis by multilocus enzyme electrophoresis (136) , and probably esterase electrophoresis (116) , meet these criteria. Accordingly, they are highly discriminative and correlate directly with the genotype. PFGE or use of cloned random probes provides similar results, but these methods require specific equipment and long and complex experimental protocols or probes specific for one species only. However, it is fair to state that laboratories performing PFGE on a routine basis are quite comfortable with this approach and may consider the blotting procedures and labelling techniques required for ribotyping to be difficult.
In many of the examples of application given above, ribotyping was a good compromise because its discrimination was appropriate for the species under investigation. In all cases, it was superior to gene-specific probes because they are targeted to one locus only, most often a virulence gene which may not be present in all strains of a species (92, 131) , and which also may be horizontally transferred (9) . Clearly, ribotyping is not a "miracle" method, but neither are any of the other typing methods. Combining all available stable markers, both genotypic and phenotypic, is probably the best way to appreciate overall genomic DNA polymorphism (76) and thus to obtain highly discriminatory data which, properly combined with tightly defined epidemiological parameters, are likely to provide the most relevant answers to nosocomial outbreaks.
FUTURE TRENDS
Ribotyping has provided invaluable information during the investigation of many nosocomial infections. Since the development of cold-labelling systems, radioactive isotopes are no longer an obstacle to its implementation in the clinical microbiology laboratory. Computer-assisted image analysis and statistical treatment of the data (107, 138) will probably speed up and improve the reliability of RFLP pattern comparison (144) . A few machines for automated DNA purification are commercially available, and some have been developed for automated Southern blotting during the conduction of the Human Genome Project. At present, they are highly sophisticated and expensive pieces of equipment, and it is unlikely that the number of samples to be treated will justify their installation in a clinical microbiology laboratory, except perhaps in some reference centers.
Over the past few years, PCR has revolutionized the approach to studying DNA by the gain of time it provides and also because only minute quantities of DNA are necessary. In VOL. 7, 1994 on January 20, 2018 by guest http://cmr.asm.org/ Downloaded from 
